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論 文 内 容 要 旨          
Natural gas is becoming an important fuel and its usage is projected to increase in future as it is much cleaner and relatively cheaper 
fuel compared to diesel and gasoline. However, soot and PAHs (Polycyclic Aromatic Hydrocarbons) can form in rich conditions of 
natural gas combustion. Soot and PAH formations are undesirable effects from the viewpoints of energy, environment and human 
health. Many PAHs which are inherently formed during the soot formation process are mutagenic and carcinogenic in nature. On the 
other hand, rich flames of natural gas are also potentially useful for partial oxidation process which produces chemically useful 
compounds like formaldehyde, acetylene and ethylene. In past, the relative sooting tendency among the natural gas components had 
been studied at in premixed and diffusion flames at maximum temperatures above 1500 K. However, sooting tendency at 
temperatures below 1400 K has not been studied in premixed conditions due to difficulty in maintaining a stable at low maximum 
temperature conditions. It is also realized that, to meaningfully compare sooting tendency among fuels, it is essential to keep similar 
temperature profile across flames of all the fuels. Also, to develop models to accurately predict the soot and its precursor formation in 
varying combustion conditions it becomes necessary to study the rich flames at lower temperatures.  
The present work studied sooting tendency among natural gas components (methane, ethane, propane and n-butane) at maximum 
temperature around 1300 K using a micro flow reactor with a controlled temperature profile. Micro flow reactor with a controlled 
temperature profile is a well-defined and simple system which can be used to study chemical aspects of combustion. It consists of a 
quartz tube with inner diameter less than the quenching diameter of the fuels. A stable combustion is produced inside the reactor by the 
help of external heating. This external heating creates a stationary temperature profile along the inner wall of the reactor which can be 
easily controlled by varying external heating. Micro flow reactor with a controlled temperature profile provided a novel way to control 
temperature profile across the flame and in post flame to provide thermally similar environments for all fuels facilitating the study on 
effect of carbon number on sooting tendency among fuels. In the current work, a quartz tube of inner diameter of 2mm which is 
externally heated by a premixed flat flame hydrogen/air burner.  
To understand the chemical aspects of soot precursor species formation in rich flames, species measurement was performed for rich 
non-sooting methane/air mixtures at maximum temperature around 1200 K. Existing kinetic mechanisms were tested and 
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modifications were suggested to improve the prediction of measured species. 
Four kinds of flame and soot responses were observed for rich flames in the equivalence ratio, ɸ ranging from 1.5 to 4.0, namely, 
FREI (Flames with repetitive extinction and ignition), stationary flame, flame with downstream sooting region and sooting region 
without flame, which could be observed by continuously increasing the equivalence ratio in the order. Critical sooting equivalence 
ratio, ɸc, is defined as the leanest equivalence ratio where soot is observed and is a measure of sooting tendency. Higher value of ɸc 
means lower sooting tendency.  In the current work, ɸc, measured for ethane was 1.9 and that for methane, propane and n-butane was 
1.8 which indicates that ethane is least sooting among all the considered fuels. However, the observed sooting region is located 
upstream for ethane compared to that for methane at equivalence ratios greater than 1.9. So, for ɸ ≥ 1.9, ethane was more sooting than 
methane. This indicated that sooting tendency between methane and ethane depends on equivalence ratio and it is difficult to compare 
sooting tendency between them only based on ɸc. Also, sooting tendency for ethane, propane and n-butane increased with increasing 
equivalence ratio from 1.8 to 4.0, which was indicated by upstream shifting of the upstream edge of sooting region, whereas, for 
methane no such shift was observed with increasing equivalence ratio beyond 2.0. Flame positions for all fuels were computed using 
existing chemical mechanisms (GRI Mech 3.0, San Diego mechanism, KAUST (based on USCII), ARAMCO 1.3 and Jin 
mechanism) with CHEMKIN-PRO. The flow inside the micro flow reactor is modeled as one-dimensional, steady and reactive flow. 
The convective heat transfer between wall and gas phase is also taken in to account. KAUST mechanism predicted the flame positions 
relatively well for all the fuels. It was also observed that ethane is most reactive fuel in rich conditions due to high production of H 
radicals from decomposition of fuel radical C2H5. Micro flow reactor separated the three phases of soot formation spatially which can 
be observed in the experimental flame and soot images and was elaborated through computations (Figure 1). In the first phase, fuel 
was oxidized and small aromatic precursor molecules were formed. In the second phase, one to three ring aromatics and their 
substituted species were formed. In the third phase, higher PAHs and soot were formed. 
 
Figure 1 Phases of PAH and soot formation process for ethane at ɸ = 2.0. 
  Computations were performed using KAUST mechanism with soot modeling (using method of moments) for a representative case 
of methane at equivalence ratio of 1.8, and it was found that pyrene dimerization was major path to soot formation so pyrene mole 
fractions can be used to qualitatively explain the sooting tendency among fuels. Pyrene mole fractions were computed for various 
equivalence ratios between 1.3 and 4.0 for all the fuels (Figure 2). It was found that ethane had lowest pyrene mole fractions for 
equivalence ratios below 1.9 which supports the experimental observation that ethane has highest ɸc. Whereas, at higher equivalence 
ratios methane has lowest pyrene mole fractions. Also, pyrene mole fractions for methane show a maximum at equivalence ratio of 
2.0 and decrease sharply with further increase in equivalence ratio. No such decrement is observed in sooting tendency of methane in 
experiments. 
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      Figure 2 Variation of maximum computed A4 mole fractions with equivalence ratio for all fuels. 
To clarify the kinetics of methane flame in very rich conditions, species measurements were performed.  
Major species (CH4, CO, CO2, C2H6, C2H4 and C2H2) in rich premixed methane/air flames were measured for equivalence ratios of 
1.7, 2.0, 3.0 4.0 and 6.0 by sampling gas from exit of micro flow reactor with a controlled temperature profile. GC (Gas 
chromatograph) with a TCD (Thermal conductivity detector) was used for measuring the species. The temperature at the exit of the 
reactor was kept at 393 K to avoid the condensation of water vapor. The gas was sampled using a gas sampler which consists of a 
temperature controlled oven and fixed volume syringes. The sampled gas (500 micro litres) is directly fed to the GC by operation of a 
valve. The maximum temperature in the reactor for species measurement experiments were kept around 1200 K to avoid soot 
formation which can present problems in sampling by blocking the sampling lines. Soot formation also breaks the assumption of our 
single phase and one-dimensional modeling. High purity CH4 (greater than 99.99%) was used. For oxidizer, a synthetic mixture of 
nitrogen and oxygen in the ratio 79:21 was used to eliminate the effect of impurities like water vapor on the combustion of CH4. 
Computations were performed using existing chemical mechanisms (GRI Mech 3.0, San Diego 2016, KAUST, ARAMCO 1.3, 
Leeds and Jin mechanism) with ANSYS CHEMKIN 17.  
GRI Mech 3.0 and San Diego 2016 have quantitative agreement with experiments for mole fractions of CH4 at equivalence ratios of 
3.0, 4.0 and 6.0 but there is overprediction of 25% and 37% at equivalence ratios of 2.0 and 1.7 respectively. KAUST mechanism 
predicts the mole fractions of CH4 well at ɸ = 1.7 to 4.0 but overpredicts by 16 % at ɸ = 6.0. ARAMCO 1.3 overpredicts CH4 mole 
fractions by 20% −40% at all the measured equivalence ratios. Jin and Leeds mechanism overpredicts CH4 mole fractions at all 
equivalence ratios by more than 40%. The percent discrepancy between experimental and computational mole fractions of CH4 is 
generally lower at higher equivalence ratios. GRI Mech 3.0 and San Diego 2016 underpredict mole fractions of CO but predicts the 
trend with equivalence ratio well. KAUST mechanism predicts CO mole fractions well at equivalence ratios of 1.7 and 2.0 but 
underpredicts at higher equivalence ratios. Jin, ARAMCO 1.3 and Leeds mechanisms underpredict CO mole fractions at all 
equivalence ratios. CO2 mole fractions were slightly underpredicted at equivalence ratios of 1.7 and 2.0 and slightly overpredicted at 
equivalence ratio of 4.0 and 6.0 by GRI Mech 3.0. Leeds mechanism well predicts CO2 mole fractions. KAUST, ARAMCO and Jin 
overpredict CO2 mole fractions at all equivalence ratios. San Diego mechanism underpredicts CO2 mole fractions but predictions 
improve at higher equivalence ratios. San Diego mechanism predicts C2H6 mole fractions well. C2H6 mole fractions were well 
predicted except at equivalence ratio of 6.0 by GRI Mech 3.0. KAUST, ARAMCO 1.3, Leeds and Jin mechanism overpredicted C2H6 
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mole fractions at all equivalence ratios.  GRI Mech 3.0 predicted C2H4 mole fractions well. San Diego mechanism overpredict C2H4 
mole fractions at all equivalence ratios. KAUST mechanism overpredict C2H4 mole fractions at all equivalence ratios except at 6.0 but 
shows a maximum at equivalence ratio of 4.0 which is not observed in experiments. Leeds, Jin and ARAMCO 1.3 overpredict C2H4 
mole fractions at equivalence ratios of 1.7 and 2.0 but underpredict at higher equivalence ratios. C2H2 mole fractions were 
underpredicted by a factor of four to five by all the used mechanisms except Leeds mechanism which overpredicted it by a factor of 
three due to missing reaction paths for C2H3 oxidation. Thus, San Diego mechanism predicted the measured species well except C2H4 
and C2H2. C2H4 was overpredicted due to a missing reaction for its consumption by CH3: C2H4 + CH3 <=> C2H3 + CH4, and C2H2 was 
underpredicted due to lower rate constant of C2H3 decomposition: C2H3+(M) <=> C2H2+H+(M) in the San Diego mechanism. These 
reactions were included and modified in the existing San Diego mechanism to create a modified San Diego mechanism. The rate 
parameters for these reactions were taken from most recent literature. Modified San Diego mechanism predicted C2H4 and C2H2 much 
better than the original mechanism while the predictions for other species were not much affected.  
 
Figure 14. Effect of modification of San Diego (SD) 2016 mechanism on prediction of mole fractions of C2H4 and C2H2. 
The added and modified reactions also showed higher sensitivity towards formation of C2H4 and C2H2 as well as CO formation, 
particularly at higher equivalence ratios.  
Aromatic species (benzene, toluene, ethyl benzene, styrene and naphthalene) and cyclopentadiene were measured using a GC-MS 
(Mass spectrometer) for rich methane flames at equivalence ratio of 2.0, 4.0 and 6.0 for maximum temperature around 1200 K by 
sampling the gas from exit of micro flow reactor using a gas sampler. Mole fractions of species other than benzene were too low at 
equivalence ratio of 2.0 to be measured by present system. Mole fractions of all the measured species increased with increasing 
equivalence ratio. Computations were performed with KAUST, Jin and CRECK mechanism for mole fractions of measured species. 
Jin mechanism correctly predicted the trends of measured species (except naphthalene) with increasing equivalence ratio, but 
underpredicted the mole fractions of benzene, toluene and naphthalene by more than one order of magnitude. KAUST and CRECK 
mechanism did not predict the trends of measured species correctly and underpredicted the mole fractions of benzene and toluene by 
more than one order of magnitude. Naphthalene was underpredicted by around two to three orders of magnitude. There is a need to 
better model the aromatic formation in methane combustion at current temperatures. 
Thus, the current work successfully studied the lower temperature sooting behavior of C1-C4 n-alkanes and provided species 
measurement data for very rich methane flames to understand the kinetics of rich methane flames. 
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